Hepatocytes cultured on collagen-coated surfaces formed aggregates in William's E medium when supplemented with 1-2% dimethyl sulfoxide (DMSO) without causing obvious cellular injury. Hepatocytes in aggregates remained alive and differentiated for more than one month. DMSO decreased the adhesion of hepatocytes to collagen-coated surfaces which may explain the formation of hepatocyte aggregates.
Introduction
Long-term maintenance of differentiated functional hepatocytes in culture would be valuable for investigation including metabolism of drugs, biosynthesis of proteins, hepatotoxicity, gene expression and construction of a hybrid artificial liver. Past efforts to achieve long-term culture of differentiated hepatocytes include coculture of human or rat hepatocytes with rat liver epithelial cells, development of a completely artificial medium and different components of extracellular matrix, and use of serum-free hormonally defined medium.
Usually cell shapes are directly related to the proliferation and differentiation of cultured cells. Previous work has shown that comparison with non-aggregated and spread hepatocytes, aggregated hepatocytes tend to remain biochemically and morphologically differentiated for long time (Koide et al., 1990; Tobe et al., 1992; Tong et al., 1992) . In addition, because monolayer cultured hepatocytes show cell density-dependent growth inhibition (Nakamura et al. 1984) and apoptosis (Shinzawa et al. 1995) , aggregated hepatocytes may be available not only to large scale culture of hepatocytes, but also to artificial liver construction because of facilitating controlled delivery and localization of cells. It is shown that cell morphology reflects the organization of the intracellular cytoskeletal network, which is partially determined by the interaction between the cells and their surrounding extacellular matrices. Therefore, so far, all the efforts to obtain aggregated hepatocytes have been focused on the synthesis of various extracellular matrices (Tobe et al., 1992; Tong et al., 1992) .
Collagen, a natural extracellular matrix, has been shown to be one of the best substratum for maintenance of hepatocyte differentiated state for prolonged periods. Even though, hepatocytes cultured on collagen surfaces maintain differentiated functions for about only two weeks. Because of strong interaction between hepatocytes and collagen, hepatocytes cultured on collagencoated surface shows a typical spread-shape. To our knowledge, there is so far no report about the formation of aggregates or spheroids of hepatocytes on collagen-coated surfaces.
In this study, we demonstrate that hepatocytes cultured on collagen-coated surfaces can form multilayer aggregates or spheroids in the presence of dimethyl sulfoxide (DMSO). Hepatocytes in such multilayer aggregates remain alive and high albumin production for more than one month.
Materials and methods
Isolation and culture of hepatocytes Parenchymal hepatocytes were isolated from an adult mouse by the modified in situ perfusion method as described previous (Liang and Akaike, 1997) . The liver paraenchymal hepatocytes were seeded at a density of 310 4 cells/cm 2 in 96-well plates with Willimas' Media E containing 2 × 10 -9 M insulin, 2 × 10 -9 M dexamethasone, and antibiotics. Culture medium was changed every other day. Vol 11, No 12, December 1997, pp. 869-872 Biotechnology Techniques · Vol 11 · No 12 · 1997 Cytotoxicity assay LDH activities in the culture medium were measured using CytoTox 96 Nonradioactive Cytotoxicity Assay Kit (Promega, Madison, USA). 50 l culture medium was mixed with 50 l substrate solution. The mixture was kept at room temperature for 20 min, and the reaction was stopped by adding of 50 l acetic acid (1.0 M) into the mixture. The absorbance of each well at 415 nm was measured using a micro plate reader, and the cell membrane damage was expressed as a percentage of lysis.
Determination of albumin secretion
The culture medium was collected at the indicated time and used as samples for the determination of albumin secreted into the medium. Albumin was determined by the modified Bromocresol Green (BCG) method using an albumin determination kit (Wake Pure Chem. Inc. Osaka).
Cell availability assay
Cell availability was estimated by the mitochondrialdependent reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to formazan with some modification (Liang and Akaike, 1997). Briefly, after removal of culture medium at the indicated time, cells were incubated with fresh medium containing MTT (0.2 g/ml) at 37°C for 1.5 h. Thereafter, cells were washed with washing solution (6.0 g NaCl, 0.2 g KCl and 3.0 g Tris in 1000 ml H 2 O, pH 7.4) for three times, the formazan formed in the cells was dissolved with 100 l lysing buffer (45% dimethylformamide, 10% SDS, pH4.7). The absorbance of each well at 570 nm was measured by a micro plate reader.
Determination of cell adhesion
Quantitative binding and extraction of dye flavianic acid (NYS, Sigma) was used for determining the cell adhesion (Liang and Akaike, 1997). After removal of culture medium, cells were washed with NKT solution for three times. Thereafter, cells were fixed with 10% trichloroacetic acid for 30 min, then stained with 0.2% flavianic acid (100 l /well) at room temperature for another 30 min. Unbound dye was removed by washing the cell with 1% (v/v) acetic acid for 4 times. Then plates were air dried and the bound dye was extracted with 10 mM unbuffered Tris base. The absorbance of each sample was read at 415 nm.
Results and discussion
Formation of hepatocyte aggregates on collagen surfaces in the presence of DMSO Figure 1A shows the microscope picture of hepatocytes cultured for 12 h on collagen-coated surfaces in the presence of DMSO. Hepatocytes cultured on collagen surfaces showed typical spread-shape as it had been reported elsewhere (data not shown). However, DMSO inhibited hepatocyte spreading and promoted a more cuboidal cell shape (Fig.1A) .
After 5 days of incubation, hepatocytes cultured on collagen surfaces began to form multilayer aggregates (Fig.1B) . Although both 1% and 2% DMSO induced hepatocyte aggregates, 2% DMSO was shown to be more effective. 0.5% DMSO had little effect on cell morphology. 4% DMSO kept hepatocytes in a round shape or forming a few small aggregates (data not shown). 
